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Efficient out-coupling light extraction and optical beam shaping have been combined to form an 
integrated, flexible illuminator that is based on organic fight-emitting diodes (OLEDs). Spherical 
refractive microlenses were replicated by a cost-effective UV-casting technique onto a plastic foil to 
achieve the customized Gaussian distribution of the electroluminescence of an PLED pixel (50 fim) 
matrix. The fabricated optical device, namely a ceiling light illuminator, shows an improvement of 
70% in the out-coupled emission measured in the far field. The result corresponds to the theoretical 
prediction for isotropic emitting sources. © 2006 American Institute of Physics. 
[DOI: 10.1063/1.2196065] 



Since the first observation of efficient electrolumines- 
cence (EL) emission from an organic thin-film double layer 
heterostructure and from a single layer conjugated polymer, 2 
organic light-emitting diodes (OLEDs) have attracted a great 
deal of attention as promising candidates for low-cost, highly 
innovative, flat-panel displays. This promise has already 
been fulfilled and small size displays using OLEDs as the 
active element are actually on the market Recently, OLEDs 
have achieved a current density of several hundred ampere 
per square centimeter. 3 This impressive result opens the way 
to the possibility of electrically pumped organic laser diodes. 
Another approach to this goal is being pursued by combining 
charge transport and light emission in ambipolar organic ma- 
terials into organic light-emitting transistor architectures 
(OLETs). 4 " 8 However, there are still unsolved problems, 
both fundamental and technological, in the full exploitation 
of the unique properties of organic systems as light sources. 
OLEDs can be viewed as energy conversion devices (elec- 
tricity to light) based on EL and it is well documented in the 
literature bow "state of the art" OLED devices, namely based 
on electrophosphorescent organic materials and engineered 
charge-carrier balance, are able to approach 100% internal 
quantum efficiency. 9,10 

Despite those remarkable achievements, OLED external 
light efficiency is only a few percent due to unresolved prob- 
lems in the efficient and cost-effective light extraction from 
OLED devices. This is a critical point which has to be ad- 
dressed and resolved, in particular for the realistic exploita- 
tion of OLEDs as innovative solid-state light sources for 
general lighting applications and related technologies." In 
this perspective, OLEDs are promising candidates to effec- 
tively compete with incandescent, fluorescent, and light- 
emitting diodes sources. In this context we have addressed 
the problem of efficient light extraction in OLEDs in combi- 
nation with the control of the far-field light distribution. A 
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flexible, optically integrated OLED illuminator is demon- 
strated with enhanced light extraction combined with a cus- 
tomized Gaussian far-field distribution of the EL emitted ra- 
diation, which conforms to high standard ceiling light 
illuminators for automotive applications. 12 

The main reason for the low out-coupling efficiency of 
standard OLEDs is losses due to total internal reflection and 
waveguicting effects. 13 This behavior has been modeled by 
simple ray tracing. Losses of up to 80% of the produced 
photons have been calculated 14 " 16 In order to improve the 
out-coupling efficiency, different methods have been investi- 
gated: interfacial rough or textured surfaces, 17 ,8 reflecting 
surfaces and distributed Bragg reflectors, 19 * 20 as well as two- 
dimensional (2D) ordered photonic structures. 21,22 Recently, 
enhancement of the out-coupling OLED efficiency by creat- 
ing an interface to a glass substrate with ordered microlenses 
arrays has been demonstrated to improve the out-coupling 
OLED efficiency by a factor of 1.5 (50%) (Ref. 23). From 
our point of view the optimization of the outward emission is 
only part of the problem since the far-field distribution and 
divergence, as well, need to be controlled for the car ceiling 
light In particular, high intensity illumination in a given area 
with a specific intensity distribution is required. In order to 
satisfy the stringent automotive specifications for the far- 
field light distribution of such a device, the Lambertian emis- 
sion profile from the OLED has to be transformed. This is 
achieved by collecting and redirecting the light from an array 
of small OLED pixels with matched microlenses arrays on 
the same substrate. In our case, the design constrains the 
optimized OLED pixel dimension to 50 X 50 /im (Ref. 24). 
The individual elements of the microlens array are slightly 
offset from their matched position in respect to the OLED 
pixel by a maximum amount of 15 /xm. The far-field light 
distribution (see supplemental material) is obtained by the 
sum of overlapping images of the OLED pixels, which is 
called a patch pad design. The basic unit of 5X5 micro- 
lenses (see Fig. 1) forms the desired light distribution in the 
far field. This approach has two advantages: the emitted light 
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FIG. I. (Color) Schematic of the UV<asting method for fabricating refrac- 
tive micro-optics arrays on a flexible substrate. The picture shown on the 
right-hand side shows the obtained device. The ITO patterned stripes are 
clearly visible. The OLED pixel source is positioned underneath the refrac- 
tive lens. The box highlights the engineered 5X5 optical unit producing the 
Gaussian light distribution. 

is concentrated and shaped in a specific solid angle, and the 
light extraction from the OLED multilayer structure is im- 
proved by direct optical coupling. 

The integration of refractive micro-optics by UV 
casting onto a suitable flexible substrate provided by Vitex 25 
is sketched in Fig. 1. The desired pattern of microlenses 
was originated by photoresist reflow technology and then 
converted to a master mold in UV transparent silicon 
rubber (PDMS). Employing a UV curable material, the 
micro-optical structure is replicated onto the backside of a 
patterned indium-tin-oxide (ITO) Vitex flexible foil. A 
micrograph of the obtained optically integrated substrate is 
shown in the inset of Fig. 1. The OLED source was the 
classical small molecules heterojunction structure, 
vacuum grown in a simple architecture: 26 plastic substrate 
(125 ITO (160 nm), a-NPB [N,N'-di (naphthalene- 1 - 
y!)-N,N'-diphenylbenzidine] (60 nm), Alq3 [tris-(8- 
hydroxyquinoline) aluminium]* (70 nm), LiF (lithium 
fluoride) (0.8 nm), Al (alurninium) (100 nra). 

The OLED pixel sources were mechanically aligned 
with a precision of 5 fxm to the refractive micro-optics pat- 
tern. During the same deposition run a reference OLED 
sample, without a refractive micro-optics pattern integrated 
in the backside, was also fabricated for comparison. 

In order to verify the agreement of the light distribution 
of the fabricated iUuminators with the simulated one, the 
OLED samples with and without micro-optics have been 
measured by placing a photon counter in the far-field region 
of the optical pattern and performing an angular scan of the 
samples. 

The experimental light distribution of the samples is 
compared with the theoretical one in Fig. 2. 

A Lambertian profile is obtained for the device without 
micro-optics, as expected for a planar OLED, and very good 
agreement is obtained by our prototype ceiling light illumi- 
nator with the theoretical Gaussian optical distribution. 
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FIG. 2. Calculated and experimental optical field distribution generated 
by the engineered micro — optical partem integrated to the OLED 
illuminator. The continuous curve corresponds to the ideal normalized Lam- 
benian distribution. The squares represent the measured light distribution 
obtained by an OLED without microlenses; the dashed line is the best-fit 
Gaussian profile (y=y 0 +A exp[-U-x 0 )/o-]2, with y 0 =-1.617. A = 2.6\4, 
x 0 =6.355 <-' 3 , <r=557.l5) of the ceiling light intensity distribution repre- 
sented by the thin continuous line. The black dots represent the measured 
normalized intensity obtained by a micro-optics integrated OLED device. In 
both cases a very good correspondence between theoretical and experimen- 
tal data is obtained. 



The second aim of our work is to significantly improve 
the light extraction efficiency keeping the architecture of the 
device as designed for optical field distribution control. 

The OLED modeling for the evaluation of light out- 
coupling efficiency has been performed using the software 
asap and considering the spectral distribution of the emitted 
light. Some wavelengths of the emission spectrum are se- 
lected and inserted with their relative weights into asap. For 
each medium (the investigated devices possess a two-layer 
structure), the refractive index, measured on thin-film 
samples by spectroscopic ellipsometry, corresponding to the 
previously entered wavelength, was inserted. Trie polychro- 
matic emission was then simulated , by automatic interpola- 
tion of the weights of the wavelengths between the selected 
ones and by interpolation of the measured refractive indices. 
Depending on the isotropic or Lambertian pattern used to 
simulate the emitting source, a remarkable quantitative dif- 
ference of the extraction out-coupling efficiency has been 
found. The predicted results are reported in Table I. 

The simulated results were compared with the extraction 
efficiency of the real devices. Both the illuminators with and 
without integrated micro-optics were placed into an integrat- 
ing sphere for L-/-V characterization and quantitative mea- 
surements. The spectral distribution and consequently the 
color rendering of the two samples were identical. The quan- 
titative results obtained from L-I-V curves are reported in 
Fig. 3. The experimental results are in good agreement with 
the model and show an improved extraction efficiency of 
70% for the integrated micro-optics controlling the light dis- 
tribution as a Gaussian pattern. The experimental results in- 

TABLE I. Theoretical improvement in light extraction with an isotropic and 
a Lambertian emitter. 

Frontal light extraction 



Flat air-substrate interface 
Microlenses air-substrate interface 
A% light extraction 



Isotropic emitter Lambertian emitter 
15.15% 27.55% 
25.77% 41.70% 
70% 51.3% 
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FIG. 3. Luminance v$ current density for the OL£D illuminator with and 
without integrated refractive micro-optics. The modeled light extraction im- 
provement can be evaluated by the ratio of the angular coefficient (m) of 
these fined lines. In our case the ratio r=m wilh -m m1rtwuf /m^, !hoo ,=:67± 1 % 
obtained by the experimental curves is in good agreement with the theoret- 
ical prediction of 70* for the isotropic source model. 

dicaic the isotropic nature of the emitting OLED source (see 
Table I), which is consistent with the theory of radiative 
exci tonic decay generated by electron-hole recombination 
into the emitting Alq3 moiety. The external Lambertian dis- 
tribution measured on planar OLEDs originates from the in- 
teraction of isotropically emitted radiation from excitonic 
emitting species with the multilayered device architecture. In 
conclusion, we have demonstrated how a simple and com- 
petitive technique, based on UV casting, can integrate suit- 
able refractive micro-optical lens arrays onto a flexible sub- 
strate to control the desired light distribution, in our case a 
Gaussian beam shape, emitted by a vacuum sublimed OLED 
matrix. Together with the optical field distribution control, a 
70% gain in outward light extraction efficiency opens the 
way to possible full exploitation of OLED light sources as 
efficient, energy- saving illuminators for general lighting and 
for automotive applications. 

This work was carried out within the EUREKA Project 
No. EI2541 FOLIA (Flexible Organic Illuminators for the 
Automotive market) and funded by the Italian MIUR and 
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